A seismic performance curve shows the relationship between the representative displacement ( ) and the equivalent base shear force coefficient ( ) of a structure. The seismic capacity of a building can be assessed in a straightforward manner using a simple performance skeleton curve. In this study, earthquake response records were used to obtain curves for a steel-reinforced concrete (SRC) building and assess the changes in the seismic performance of the building that occur during an earthquake.
Introduction
Rapid and quantitative evaluation of earthquake damage is important for seismic retrofit and avoidance of secondary hazards caused by aftershocks. Recent advances in the technology used in accelerometers have made good-quality measurement data available for this purpose. The data recorded by seismic accelerometers installed in buildings have been used in damage evaluation. In addition, damage evaluation methods have been developed to identify both the location and the degree of damage. In general, earthquake damage detection methods are based on monitoring changes in the dynamic characteristics (vibration frequency and modal shapes) of structures 1) .
However, it is difficult to understand how the fundamental frequency and seismic capacity of a structure change during an earthquake using methods based on dynamic characteristics.
The fundamental frequency does not always reliably reflect the damage condition of a building due to a specific earthquake.
Changes in the fundamental frequency are influenced by many factors, such as soil-structure interaction (SSI) effects 2) and the local weather 3) (high temperature, heavy rainfall, and wind). A reduction in the fundamental frequency has been observed even in cases when no damage could be detected with a vibration test 3), 4) . Furthermore, modal shapes are not reliable for use in damage detection 1) .
In recent years, a new type of earthquake damage detection method based on wavelet technology and wave propagation has been developed by Maria I. Todorovska and Mihailo D. Trifunac 5), 6), 7) . In this method, a building is modeled as a layered shear beam, and structural damage can be detected from the distribution of shear and torsional wave velocities, which can be directly related to the structural rigidity along the building's height. The advantages of this method, including its robustness and insensitivity to SSI effects and local weather, over methods based on monitoring changes in the dynamic characteristics have been well described 8) .
An earthquake damage evaluation method based on the curve (seismic performance curve) concept was developed recently. This method uses wavelet transform 10) . In contrast to traditional dynamic characteristics-based methods, the curve method was found to be able to detect changes in the fundamental frequency from small responses to the maximum response and to identify the seismic capacity points of the measured building.
However, there has been little applied research on how to use curves to evaluate the seismic capacity of real steel-reinforced concrete (SRC) buildings. In the paper, we present an evaluation strategy for using curves to evaluate the seismic capacity of real buildings and the damage suffered by such buildings in real earthquakes. We also describe how to use curves to explain and evaluate changes in the fundamental frequency of a real building-the Building Research
Institute (BRI) annex building (an 8-story SRC building) using earthquake response measurement data.
2. The case study
BRI ANNEX building
The BRI annex building is an eight-story SRC building with a base floor underground (B1F). The building is supported by a gravity foundation and connected to the main building through a nonstructural passageway, as shown in Figure 1 
Earthquake response records
A total of 1,239 earthquake records were collected for the annex building between 1998 and 2012. During the same period, 141 earthquakes with peak ground accelerations (PGA) greater than 10 Gal and Japanese Meteorological Agency intensities (IJMA) greater than 1 degree occurred in Japan. In this paper, the 27 strongest of these earthquakes (see Table 1 ) were selected for use in the analysis. The sampling frequency of the accelerometers in the building is 100 Hz, and displacements were calculated using the Fourier integration method in this paper.
Calculation of the rocking motion
In general, the vertical motions of two points are used to calculate the rocking angle 11), 13) . However, in this research, three measurement points in the basement were not located on the translational axes, so the vector method, which makes use of three points, was employed to calculate the rocking angle.
As shown in Figure 1 (c), , , are the three points on the base mat. We can calculate the following two vectors:
The normal vector of the base mat ( ) can be calculated as follows:
The normal vector can be normalized to a length of 1. The rocking angle is sufficiently small that , so 1. We can easily obtain the rocking angle in the E-W direction, , and the rocking angle in the N-S direction, .
Calculation of the deformation of the superstructure
The lateral fundamental-mode deformation of each floor can be calculated as follows (with , , and extracted using WWT): In fact, only the motions of the first floor ( ), the second floor ( ), the fifth floor ( ) and the roof floor ( ) were measured. It is reasonably assumed that the fundamental mode is dominant, so we need to calculate the motions of the other floors as follows. For the BRI annex building, the representative displacement was calculated using the deformation of the superstructure (Equation (5a)). The base shear force coefficient was calculated using Equation (5b). The base shear force was calculated using Equation (7).
(5a)
(5b)
is the equivalent mass corresponding to the fundamental mode. We assumed that remained unchanged during a single earthquake and can be calculated (using equation (8)) from the maximum response points ( ) of the fundamental mode response. Mass ratios in the range of 0.72 to 0.76 were calculated for the earthquakes considered in this paper.
The relationship between and (for the peak response points, for which the damping effect is zero) can be expressed as follows, with denoting the fundamental circular frequency of the superstructure.
The fundamental response ( ; see Figure 2 (5)).
A performance skeleton curve that reflects changes in the seismic performance from small responses to the maximum response can then be obtained 10) , as shown in Figure 4 .
Damage evaluation strategy using the curve
One of the objectives of this research was to use the curve to determine whether the building was damaged in past earthquakes. curves for the building for strong earthquakes were calculated using WWT and SDOF model theory ( Figure 6 and Figure 7 ). However, there are two problems associated with using curves for damage detection: (1) it is difficult to determine the initial stiffness of the curve and (2) the velocity effect (the damping force) is contained in the curve. To overcome these problems, we established the following analysis strategy. Step 1: Calculate the performance skeleton curve ( curve) using earthquake response measurement data collected during the earthquake, according to the method described in section 3.1.
Step 2: Define the two deformation levels shown in Table 3 Figure 8 (for example, the maximum is 0.065 m, which is less than 0.0891 m).
Step 3: Select the peak response points inside or outside the deformation level 1 ( ) as the "initial points"-for example, N1
and P1 in Figure 5 . The maximum peak response points (N2 and P2 in Figure 5 ) are selected as the "final points". The fundamental frequencies of the "initial points" and the "final points" are compared to assess whether damage occurred. As In this research, some large earthquakes (E-W direction:
X01-X11, N-S direction: Y01-Y04, YA-YD and Y08-Y11; see Figure 8 ) with larger values than those of the neighborhood earthquakes were studied using the damage evaluation strategy mentioned above.
Results and analysis
Using the curve evaluation strategy described in section 3.2, curves for several strong earthquakes were developed and are shown in Figure 6 (E-W direction) and Figure   7 (N-S direction). The fundamental frequencies calculated using the "initial points" (for example, N1 and P1 defined in Figure 5) and "final points" (for example, N2 and P2 defined in Figure 5 (such as X05-X11, Y04, YC, YD, and Y08-Y11), we used the points ("initial points" and "final points") described previously.
However, for the earthquake X09 or Y09, which was an aftershock that occurred approximately 30 minutes after the earthquake X08 or Y08, only the maximum response points were used to calculate the fundamental frequency.
For the E-W direction, we found that earthquake damage might have occurred in earthquake X08 (X09 was the aftershock of X08. The fundamental frequency decreased from approximately 1.30 Hz to 1.09 Hz (see Figure 9 (a), X08 and X09), as shown by the curve and Figure 6 (c) (X08 and X09).
We also found that no severe earthquake damage occurred in the other earthquakes considered, such as X01-X07, X10, and X11.
For the N-S direction, we found that earthquake damage with the results calculated by Kashima 11) . We conclude that the decrease in the superstructure stiffness (the fundamental frequency) over this time period was not caused by severe earthquake damage but other unknown reasons such as material aging.
Conclusions
The seismic performance curve ( curve) concept was used to evaluate earthquake damage in a real SRC building using the evaluation strategy described in this paper. SSI effects (rocking motion and swaying motion) were eliminated in the calculation of the representative displacement , and fundamental responses were extracted using wavelet transform technology. The conclusions reached can be summarized as follows.
(1) Changes in curves (which reflect changes in (2) The damage evaluation method based on the curve concept is simple and practicable. A simplified curve can help us understand changes that occur in the seismic capacity of a building in real time. Nevertheless, even though linearity and nonlinearity in curves can be observed, the initial stiffness of the curve is difficult to establish numerically.
Therefore, the damage evaluation strategy presented in this paper is considerably appropriate for cases in which the story drift angle is sufficiently large (for example, when the story drift angle of the building is greater than 1/3200 rad).
The evaluation method described in this paper needs to be adapted to other types of buildings, and its accuracy needs to be refined in the future. The building considered in this study is an 8-story SRC building for which the applicability of the SDOF model is reasonable. For high-rise buildings and irregular buildings, much more complex mechanisms (such as high-mode effects, torsional effects) will influence the earthquake responses.
Therefore, the applicability of the curve method should be evaluated for these types of buildings. In addition, it is possible to determine the damage points using the curve, and the residual displacements also need to be studied further in the future. 
